Abstract The characteristics of the biomass fixed inside porous medium (sponge cube) have been investigated to see whether it can be recognized as biofilm. The acrylic cube is used as control medium. Three types of flow pattern of bulk water are used in the test to examine its effect on substrate transportation. From the kinetic test, it is found that the biomass fixed inside the sponge cube has biofilm characteristics. For conditions where the diffusion phenomenon is dominant, two layers whose yield constant are different to each other are confirmed from stoichiometric study. When the sponge cube is in the counter flow, it was found that the whole biomass fixed inside the medium works at the same time. It is considered that a certain amount of water is flowing through the medium when the sponge cube is exposed to counter flow. When the water is totally flowing through the sponge cube during the kinetic test by using type-3 reactor, a MichaelisMenten type equation can represent the results of the kinetic test.
Introduction
Generally, the biomass fixed on available surfaces of a medium is thought to be a biofilm. The authors have been investigating the characteristics of biomass fixed inside porous medium. The kinetic characteristics of the biomass fixed inside porous medium have been reported as keeping the biofilm characteristics (Deguchi et al., 1999 (Deguchi et al., , 2000 . In these researches, two types of flow pattern used in the kinetic tests were respectively designed for the case dominating the diffusion and for the case including both diffusion and flowing through. It is found that diffusion plays a major role in substrate transporting to biomass fixed inside medium at both flow patterns. Therefore, it is recognized that the characteristic of biomass is thought to be a biofilm.
In this paper, the results from the newly designed experiment are added to the above mentioned results to further the discussion about the characteristics of the biomass. The new experimental conditions are designed to make the flow through conditions dominate in the test.
Method Cultivation of biofilm
The biomass used for the kinetic test was cultivated in the totally mixed reactor. This totally mixed reactor has 30 litres in its capacity. The substrate used in the test is made up of methanol, nitrate and buffer solutions. A peristaltic pump continuously fed this feed solution to the reactor. The re-circulation pump was operated to mix the water in the reactor.
The water of the reactor was sucked from the bottom and returned to the top of the reactor for mixing. The flow rates of the feed pump and re-circulation pump were 0.17 m 3 /d and 13.1 m 3 /d, respectively. The media on which the biomass is fixed were sponge cubes and acrylic cubes.
Sponge cubes were added to 10% based on the volume of the reactor. In same way, acrylic cubes were also added to the reactor. The nitrate loading was 3.5 gN/m 2 /d. The ratio of methanol to nitrate was 7.5 g methanol/1 g nitrate to ensure the nitrate limiting condition. 
Medium
Sponge cubes that had 12 mm × 12 mm × 15 mm length, width and height were used as biomass support medium. The pore size of each sponge cube was 27 pores per inch. Acrylic cubes that had the same dimensions as the sponge cubes were used as the control.
Kinetic experiments
Kinetic experiments using the biomass fixed in the above mentioned reactor were carried out to see whether the results would correspond to biofilm kinetics in theory or not. The set up used for the kinetic test was illustrated as Figure 1 . In the kinetic experiments, three kinds of reactor were prepared to examine the effect of the flow pattern of bulk water on substrate transportation. One is a boat shaped reactor in which medium was put in order like one plate (here after, it is called type-1). In type-1 reactor, the water of the reactor is running only on the surface of the medium. The second is a cylindrical shaped reactor (here after, it is called type-2). The type-2 reactor is designed so that the water of the reactor is flowing among the medium. Another reactor is designed only for sponge cubes. It is designed so that the water flows through the medium (here after, it is called as type-3). The substrate for each kinetic test is made from methanol, nitrate and buffer solutions. The ratio of methanol and nitrate for the feed solution was also kept as 7.5 to ensure the nitrate limiting conditions. The theory of diffusion for substrate in biofilm is also assigned in this investigation (Henze et al. 1995) . If denitrification rate of fixed biomass inside a sponge cube is proportional to the square root of the nitrate concentration S 3 in bulk water, the biomass can be thought of as a biofilm.
Measurement
In the kinetic test, the samples for analyzing the water quality were taken from the effluent after 5-residence times. The sample from the substrate used for the test was also taken both before and after the test from the substrate bottle. TOC, IC, and NO 3 -were measured. If the samples could not be immediately analyzed, they were stored in the freezer.
The experimental results of the kinetic test using type-1 reactor were shown in Figure 2 . The denitrification rate by fixed biomass inside the sponge cube is found to be proportional to square root of nitrate concentration.
From the results of the kinetic tests using biomass inside sponge cubes, the tendency of the denitrification rate is changed at 5 g 1/2 /m 3/2 of square root S 3 . The denitrification rate reaches zero order reaction rate regions of around 58 g/m 2 /d when the square root of nitrate concentration rises over 30 g 1/2 /m 3/2 . From the kinetic test, it has been reported that at around 1 mm from the surface is a turning point where the change of yield constant is observed (Deguchi et al., 1999 (Deguchi et al., , 2000 . In the case of using biomass fixed on an acrylic cube, the denitrification reaction rate is also proportional to the square root of nitrate concentration S 3 1/2 when S 3 1/2 is less than 5 g 1/2 /m 3/2 . The zero order reaction rate can be 
Results
The experimental results of the kinetic test using type-2 reactor are shown in Figure 3 . In both experimental cases, the denitrification rate is described as a function of the square root of nitrate concentration S 3 . Therefore, it is confirmed that the biomass used in the tests also shows biofilm characteristics in the type-2 reactor even though there exists the flowing through phenomenon into the porous medium. In the case of sponge cubes, the slope for specific denitrification rate is 2 g 1/2 /m 1/2 /d when S 3 1/2 is less than 8 g 1/2 /m 3/2 . No turning point appears in this slope even though the biomass is the same as that of the type-1 reactor. The biomass used in both type reactors is fixed inside sponge cubes with the same conditions of cultivation. The results from the type-2 reactor are different from that of the type-1 reactor even though the biomass used in the test is same. The biofilm fixed inside the sponge cubes reached full effectiveness at the denitrification rate of around 13 g/m 2 /d of denitrification rate.
In the case of acrylic cubes, the results that are obtained by using the type-2 reactor are the same as the results of tests using the type-1 reactor. The slope of specific rate constant of biofilm on the surface acrylic cube was 0.86 g 1/2 /m 1/2 /d when the biofilm was partially efficient. After the substrate fully penetrated the biofilm, the specific rate constant obtained was 3.23 g 1/2 /m 1/2 /d.
The experimental results of kinetic tests using type-3 reactor are shown in Figure 4 . The Michaelis-Menten type function can be thought to fit the experimental results obtained with type-3 reactor very well. The half saturation constant is calculated to be 0.5 g/m 3 . It is also reported that the half saturation constant is 0.5 g/m 3 for the denitrification reaction of the pre-denitrification process with non-fixed biomass (Henze et al. 1995) . This means that the characteristic itself of fixed denitrifying biomass is same as that of non-fixed denitrifying biomass. The denitrification rates from test using type-2 reactor are shown in Figure 5 to compare the denitrification rates obtained from the test using type-3 reactor. In the regions where the denitrification rate is below 13 g/m 2 /d, the denitrification rate can not be described as a linear function of the square root of S 3 . In the type-3 reactor, if the diffusion is still a mechanism for substrate transportation, the slope of the regression curve has to be 0.5 (see Figure 5 ) (Henze et al.) . Therefore, it is confirmed that the diffusion is no longer a major mechanism for substrate transportation when the flow pattern becomes flowing through conditions only (type-3).
Conclusions
In this research, sponge cubes and acrylic cubes were used as biomass fixing media. The biomass was fixed on or inside media in a totally mixed reactor in a laboratory experiment. Three types of flow pattern were assigned as experimental conditions for the kinetic test. In the first, the water flows only on the surface of the biomass fixing medium (type-1). In the second, the medium is in the counter flow (type-2). In the last, the water can only flow through the medium (type-3, designed only for sponge cube). In the case of acrylic cubes, no difference could be seen in the results of the kinetic tests. In the case of the sponge cube, it was confirmed that the biomass fixed inside the sponge cube had biofim characteristics when flow patterns both of type-1 and type-2 were used in the kinetic tests.
When the flow pattern of flowing through (type-3) was used for the test, a MichaelisMenten type function was found to be able to follow the experimental results. In this case, the diffusion is not a major mechanism for substrate transporting phenomenon from bulk water to biomass.
The half saturation constant for the Michaelis-Menten type function was calculated as 0.5 g/m 3 . It is also confirmed that the half saturation constant of 0.5 g/m 3 was the same as the half saturation constant for non-fixed biomass in the predenitrification process.
It is considered that the characteristics of the biomass fixed inside sponge cube changes very much depending on the flow pattern of bulk water. 
